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FOREWORD 

This report covers the progress made from February 1, 1967 to 

January 31, 1968 on a continuing study of the relation of two-phase det- 

onations to liquid rocket motor instability under NASA Contract NASr 

54(07). The study is under the direction of Professor J.A. Nicholls, 

Department of Aerospace Engineering. Mr. Bruce Clark of NASA 

Lewis Research Center, is the technical monitor. 
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Recent experimental results on d e t o ~ a ~ i o ~ s  in two phase mixtures of 

liquid fuel and gaseous oxygen a re  presented. The fuel (diethylcyclohexane) 

was in either a spray form or liquid film on the w lls of the detonation 

e. For the spray case three drop size were used: 2 9 0 ~ ~  94Op, and 

2600p0 It is found that the smaller the drop size, the faster the detowa- 

tiow develops -into ~ ~ e a ~ y - ~ % ~ t e ~  The steady velocity is found to be lower 

1 C h ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ %  velocity. The difference is 2- 10% 

290p and 94Oy sprays and 30-35% for the 2 6 0 0 ~ ~  Heat 

ments and in2erred friction losses t~ the walls are used in ~ o n ~ ~ ~ c ~ i o ~  

wgh a reaction length ~ ~ ~ ~ ~ ~ l ~ e d  by the breakup of the drops to arrive at 

ansfer measur e - 

~ ~ l a ~ i o ~ s h ~ p  that shows a direct dependence of velocity difference on the 

dmp s i z e  The c~~~~~~~~~ ~ i ~ ~ e r e ~ ~ ~ s  are 4%, lo%, and 26% for the 290p, 

nd 26OOp sprays res 
graphs of the detonation ~ h e ~ ~ m e ~ o n  in a single stream of 

e of the drops results in 2600p drops show that 

explosions that feed the main front, Pressure peaks behind the front con- 
firm this ~ b ~ ~ r ~ ~ ~ ~ o ~ ~  

~ e t ~ ~ ~ ~ i ~ ~  velocities of a fuel film along one wall  and two walls of the 

e tube a r e  also lower than the id al Chapman-Jouguet velocities. The 

velocity in the ne walk case was lower than the two walls case even though 

the mixture ratio in the former was slightly higher. Streak schli 

direct luminosi how ignition delays f 28-36 psee (1 wall) 

drops behind shock waves 

based QEl streak pknotogP ed. The photographs allowed 

p time which seems to correl  

with previous, r ive estimates. An analytical treatment of the 

~ ~ e ~ u p  phenom a boundary layer stripping model is made and 

the results are compmed with the experiments. 
i V  
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NOMENCLATURE 

(A Roman numeral after a defirrition refers to the 
section where that definition is used.) 
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(p3/P1)G 

(P3/P1)s 
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dimensionless velocity at interface 

acceleration 

drag coefficient 

heat transfer coefficient defined in Eq. (2. 3) 

specific heat 

drop diameter 

initial drop diameter (t = 0) 

acceleration due to gravity 

enthalpy behind shock 

enthalpy at wall 

constant 2 5 (11) 
thermal conductivity (App. ) 

distance between drops 

Mach number 

Mach number of the convective flow behind a shock 

Mach number of C - J detonation (equivalent all gaseous 
case) 

Mach number of detonation in spray 

shock Mach number 

mass 

initial mass of drop 

pressure in driven section (IV), initial pressure (11) 

pressure ratio across C-J  detonation in spray 

pressure ratio across C -J detonation (equivalent all 
g a m u s  case) 

mass flow rate per unit width of plate 
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heat transfer rate 
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projected surface area 
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static temperature ratio across C - J detonation 
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breakup time of drops 

free-stream velocity 

velocity 
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axial free-stream velocity 

velocity of gas 
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velocity at free surface of film 

velocity 

drop velocity 
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I. INTRODUCTION 

The work which will be described in this report represents the most 

recent part  of our continuing effort on the study of two-phase detonations 

and the accompanying investigation of the breakup of liquid drops by gase- 

ous convective flows. Our previous work on the subject has  been presented 
(1; 2, 3); 

- 

in several reports ’ where studies similar or pertinent to the sub- 

ject by other workers were also reviewed. 

The main areas  that will be covered in this  report will be the descrip- 

tion of the reaction zone behind the detonation wave in sprays, the effect 

of the drop size on the development and the velocity of the wave, the rela- 

tionship between the reaction length and breakup time of the drops, a more 

detailed experimental investigation of the film detonation, and a treatment 

of a drop breakup model and its comparison with the experimental breakup 

results of non-burning drops under the action of convective flows generated 

by shock waves. 
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11. EXPERIMENTAL RESULTS ON SPRAY DETONATIONS 

b 

The experimental facility for etudying two -phase detonations has been 

described before(3). It consists of the following main items: 
(4) (a) a device for producing a fuel spray , 

(b) a vertical tube (1" 64 in. square x - 12 f t  long) in which the liquid 

spray is mixed with the gaseous oxygen, 

(c) an initiation device which consists of a gaseous (2H2 + 02) detona- 

tion driven shock tube, and 

(d) instrumentation for monitoring and observing the phenomenoq this 

includes streak or  spark source photography, pressure transducers 

and thin film heat transfer gauges. 

( 5) , 

A schematic diagram of the appa'ratus is shown in Fig. 2 . 1  and a sche- 

matic diagram to identify the locations in the tube where measurements 

a re  made is shown in Fig. 2 . 2 .  

1 Photographic Observations 

Three drop sizes were used in the experiments, namely 290p, 940p, 

and 2 6 0 0 ~  and the fuel was diethylcyclohexane (DECH). A picture of the 

spray in the test section is usually taken shortly before the detonation 

wave passes over it. The purpose is to allow an accurate measurement 

of the mixture ratio. For the smaller drops, where coalescence of the 

drops takes place as they fall along the tube and where some of the drops 

a r e  lost by adherence to the tube walls, the photograph provides the only 

means of calculating the mixture ratio. On the other hand, for the larger 

drops where no coalescence takes place, it is possible to calculate the mix- 

ture ratio from a knowledge of the volumetric BOW rate and the shedding 

frequency, which is the same as the vibration frequency imposed on the 

drop generator 

t 

I 
" " I  

2 
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OROP GENERATOR 

INITIATION TUBE 

DETONATION TUBE, 
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CAMERA 
(STREAK) 

Fig. 2.1. Schematic diagram of spray detonation apparatus. 
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Examples of streak photographs of the detonation phenomenon are shown 

in Fig. 2. 3-2.4. Figure 2.3 is a schlieren of a detonation in a 290p spray. 

The dark horizontal lines before the detonation front represent drops which 

happen to be in the slit and the dark zone behind the front shows the extent 

of the interaction between the gaseous convective flow and the drops. This 

zone, which is interpreted to represent the breakup time of the drop, is 

estimated in this example to be about 20 psec for a detonation travelling at 
5500 ft/sec. The equivalence ratio in this case is 0. 3. 

More details of the trajectory of the drops and their fate can be obtained 

from photographs of the detonation of a single stream of 2600p drops as shown 

in Fig. 2.4, which is a combined shadow and direct light photograph. As 

the drop is passed by the main shock wave, it starts to deform instantly 

as can be seen from the shadow portion of the photograph. Because the 

convective gaseous flow is supersonic, a bow shock appears with its standoff 

distance increasing as the drop continues to deform. A wake behind the 

drop, evidently composed of small particles of fuel stripped away by the con- 

vective flow and mixed with the gaseous oxygen, starts to ignite violently 

and apparently obliterates the bow shock of the preceding drop. Some sec- 

ondary shocks arising from the explosion of the wake can be seen in the 

shadow portion of the photograph. In some cases(3) it was found that com- 

bustion started at the stagnation point of the drop. 

Further details of the process taking place in the tube as a whole can 

be obtained from spark schlieren photographs such as shown in Fig. 2.5. 

This figure is a composite of three photographs taken at three different time 

delays and arranged so as to show details for about 12 in. behind the front. 

The exposure time of each photograph is 2: 0.2 psec  which is the duration 

of the spark source. To avoid over-exposure from direct radiation, an elec- 

tromagnetic shutter") was placed at the focal point of the second schlieren 

lens. Details of the shutter a r e  described in Appendix I. In Fig. 2.5, one 

5 
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200 psec 

100 psec 

Fig. 2.5. Spark source (. 
stream of 2600p drops sho 

sure) photograph of the detonation of single 
of the phenomenon (run no. 452,435,436). 

8 



i 
i. 

can see the deformation of the drop, the wake, the bow shock and the spherical 

explosion wave around the second drop behind the front. One can also see 

wake shocks behind the first drop. It is apparent that the identity of the drop 

can still be recognized for at least 300 psec  behind the wave. From the 

streak photographs it was estimated that the drop is consumed in about 

500-600 ysec for this case in which the equivalence ratio is 0.23 and the 

velocity is about 3500 ft/sec. 

Pressure measurements confirmed the existence of the spherical explo- 

sion in that spikes of double-to-triple the pressure behind the front were 

observed. Figure 2.6 shows a spark photograph of the detonation phenomenon 

and the corresponding pressure record obtained by a lead metaniobate pres- 

sure  transducer 

measurement and should be ignored). Due to the inertia of the drop, the 

drop moves a very short distance during the time covered by both the spark 

photograph and the pressure record. Thus the pressure record gives a rough 

indication of the pressure field behind the detonation front. The first pressure 

jump is fairly constant and is compatible with the expected shock pressure. 

At about 24 and 40 ysec,  pressure peaks a r e  attained due, probably, to the 

wake shock and the bow shocks respectively. A t  64 psec the high pressure 

peak-over twice the original pressure increase-must be due to the explo- 

sion wave seen around the second drop behind the wave front. Continued 

pressure fluctuations a r e  most likely due to non-uniform combustion. The 

fluctuations in the pressure trace for the first 20 psec can be attributed to 

weakened waves resulting from the explosion waves of drops already passed 

by the front. Such waves can be easily discerned in the photograph shown 

in Fig. 2.7. 

(5) (the raster trace on top of the pressure trace is for velocity 

The above described picture of the reaction zone behind the front be- 

comes more complicated when the drops a r e  closer together than shown in 

Fig. 2.5-2.7, as interactions between the flow fields around the drops and 

9 
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Fig. 2.7.  Spark source photograph of single stream 2600~ drop 
detonation showing successive spherical explosion waves. 
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the accompanying shocks become more frequent. This can be seen in Fig. 

2.8 which shows the zone behind the front of detonations travelling at 5200 

ft/sec for both 2600p and 940p sprays. 

2. Effect of Drop Size on Detonation Development Distance 

Measurement of the detonation velocity throughout the length of the tube 

can give an indication of the distance (or time) needed before the detonation 

reaches a steady or nearly steady velocity. Figure 2.9 shows the velocity 

variation with distance from the initiation point for three different drop size 

sprays with equal equivalence ratio of 0025 at distances beyond 4 ft from the 

fuel injection point. It can be seen that the development time is shorter the 

smaller the drop size. It should be pointed out. that this effect would have 

been more pronounced were i% possible to have a constant mixture ratio 

throughout the tube. As it was, because of the nature of the spray generator 

the mixture ratio in the first 4 f t  is leaner for the 2 9 0 ~  spray and richer for 

the 940p and the 2600p drops. This non-uniform mixture distribution would 

%end to either delay the detonation development in the 2 9 0 ~  spray or soeed it 
up in the 940p and the 2600p sprays. 

(4) , 

The effect of drop size on the development time at other mixture ratios 

can be seen from Fig. 2. 1Oand 2. 11, In Fig. 2. IOthe development time for 

the 290p spray at an equivalence ratio of 006 can be seen to be much shorter 

than that of the same drop size spray of Fig. 2.9 where the equivalence ratio 

is lower. It can also be seen, by comparison with Fig. 2.11, that the develop- 

ment time is shorter than that of the larger drop size spray even though the 

equivalence ratio in the latter case is close to stoichiometric. 

3. Effect of Fuel Volatility on Spray Detonations 

Almost all of the spray detonation experiments were performed with 

DECH as fuel. The vapor pressure of DECH at room temperature is 1.45 

mm Hg so that assuming oxygen at atmospheric conditions to be saturated 

by the vapor, it results in an equivalence ratio of 0.02 and, therefore, the 

12 
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quantity of the fuel in the vapor phase is negligibly small compared to that 

of the liquid phase for even the leanest mixtures tested. To see whether 

fuels with higher volatility would have any effect o e detonation phenome- 

non two other fuels were considered for testing, namely, n-octane (vapor 

pressure = 11 mm Hg) and benzene (vapor pressure = 80 mm Hg). The 

saturated oxygen-fuel vapor mixtures would result  in equivalence ratios of 

0.18 and 0.957 respectively. However, it is not expected that the oxygen in 

the tube would be saturated as the spray fuel is introduced only 2-4 sec be- 

fore initiatio 

The Chapman- Jouguet (CJ) detonation parameters fiar these two fuels 

were calculated by the methods outlined in Ref. 3 and 7 which 

makes use of the computer program of Ref. 8. The results of the calcula- 

tion are plotted in Fig. 2. 12  and 2. 13; they are similar to those of DECH-02 

mixtures g 3 9  'I. These results a r e  of course for ideal situations where no 

a1 or- he aittr axisfer loss es in %her eac tion 2.0 e considered. The 

losses are related to the extent of the reaction zone, which could be affected 

by the volatility of the fuel. 

A few runs were made with 2600~ drops of benze e in oxygen. The 

ion velocity variation with distance was very similar to DECM-02 

ions under the same conditions. Photographs of the reacton zone 

indicate similar structure also, as shown in Fig. 2. 14a. 

a time exposure (E 150 ysec) of the flame behind the shock. 

the top part  of the flame iFrx>uld- be about 150' psec behinddhe shock. It' is 
clear that the flame is centered in the tube. The lack of combustion near 

the wall  indicates that neikher the residence time of the drops in the tube 

prior to the passage of the detonation front, nor the time after the passage 

of the front (when diffusion is expected to be enhanced by the increased 

surface area due to drop stripping) were sufficient for appreciable diffusion 

or  mixing of the fuel with oxygen. 

Figure 2. 14b shows 

In this  instance 

From the velocity data and photographs 

17 
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WALLS 

Fig. 2.14. Photographs of benzene-02 detonation, 
2600~ drops, single stream. 

(a) spark source; (b) self luminous radiation only. 
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of the zone behind the wave it is tentatively concluded that no basic difference 

exists between fuels with high volatility and low volatility as far as the detona- 

tion phenomenon is concerned. 

4. Effect of Drop Size on Velocity Difference 

Measxement of the steady velocity was made for mixtures at equivalence 

ratios ranging from 0 ,2  to lo  0. The data for the three drop sizes is shown in 

Fig. 2 . 1 5  and is compared with the calculated theoretical C J  velocity(2). It 

can be seen that the velocity difference is about 2-10% for the 290p and the 

9401.1 sprays but about 30-35% for the 2 6 0 0 ~ .  This difference will be shown 

to be due to heat transfer and friction losses to the tube walls in the reaction 

region. 

The reaction region here is assumed to be the region between the front 

of the wave and the C J  plane. In this region the flow is complicated by drop 

deformation and breakup, interactions of the two phases, and the chemical 

reaction due to combustion. However, it is reasonable to assume a one- 

dimensional flow near the front, which appears to be reasonably planar, 

as well as after all interactions have subsided. Such an assumption was 

made before (3' 9, so that the one -dimensional conservation equations where 

frictional and heat losses were taken into consideration resulted in an equa- 

tion that can be reduced to the following form: 

(9) I 
The drag and heat transfer coefficients are defined as 

3 I 

CD E JT0*/$X"z u2 2 

21 

2 / 



8000 

7000 0 
W 
u) 
\ 

6000 
> 
k 
5000 

A 
W > 
z 4000 
0 
I- a 8 3000 
- 

I- 
W 
0 
2000 

4 

1 I I I I 

E Q U I VALE N C E RAT IO 
.2  .4 .6 .8 I .o I, 

Fig. 2.15. Comparison of experimental detonation velocity 
with the ideal C-J velocity. 

22 



\ u  I 

and 

The heat transfer rate, q, was measured by a thin film gauge, a rugged 

version of which is described in Appendix I. Thus, an estimate of CH and, 

if a Reynolds‘ analogy is assumed, of CD can be obtained. Estimation of 

the reaction length, x, can be made by assuming that it i s  controlled by the 

breakup time as will be evidenced later. From work done at this laboratory 

and elsewhere (lo’ ”) on the breakup of inert drops by shock waves, the 

breakup time, 43, can be related to the dynamic pressure of the convective 

flow and the drop diameter D, as follows: 

where k is a constant 

was obtained by Clark 

mental results by Jaarsma and Derksen 

non-burning drops confirm the above relationship. However, they found k 

to be about 4.5. 

5 and pQ is the liquid density (a similar relation 
(12) on the breakup of liquid jets). Some recent experi- 

(1 3) on the breakup of burning and 

Streak photographs of the spray detonation indicated that the time for 

the breakup of the drop was about dauble the time calculated by this equa- 

tion. It is reasoned that since the drop in a detonation is subjected to a 

varying dynamic pressure, due to the continuously changing conditions 

behind the front, a better estimate of the actual breakup time in a detona- 

tion would be obtained if an average dynamic pressure is used. 
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The dynamic pressure behind a shock can be shown to be 

qs = - p  2 e 1 u s 2 ( ! y 1  p1 3 1  

Similarly behind a detonation, the dynamic pressure is 

2 
e 2 3  'D = - p  2 1 u s k)('-?) 

Comparing the products of the last two terms in Eq. (2.5) and (2 .6) ,  and 

assuming a constant y = 1, 4, one can show, since 

p2 (y  -e 1) M 2 -- 
- 2  '1 M (y  - 1) + 2  

and 

2 
'1 y M  + I  

that qD/qs< 10% for M> 3. Thus, an average dynamic pressure equal to 

half of that in Eq. (2.4) can be used. Equation (2 .4) ,  then, can be modi- 

fied to read: 

112 112 i,/D=2kk) ( ~ )  [k) 
or  in terms of the shock velocity: 

1/2 1/2 -1 
ab E $ us/D = 10 (2) ($) (1 - z) 

(2.9) 

(2.10) 
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This equation gives a value of 7 = 162 for M = 3 which decreases to 120 

for M -c a. 
b 

With x assumed equal to \ u and with CD = 2CH, Eq. (2.1) can now 
S 

be written as 

U 

U 
S 

so 
-= 1 +  2 

'3 'H (!$2(l - ~ ) ] - 1 ' 2  

p2 
(2.11) 

Examples of heat transfer coefficient data are shown in Fig. 2.16 and 2.18 

for detonation in 2600y sprays. In Fig. 2.16, the data carrespond to M = 3,3.  

Two different gauges stationed 1 f t  apart were used. The response of the 

guages can be very similar as can be seen in Fig. 2.17.  Heat transfer data 

corresponding to M =" 5 a re  shown in Fig. 2.18. Examination of Fig. 2.16 

and 2 . 1 8  show that CH r ises  sharply at r 3 . 3  and 

at 7 = I00 when M 5. Thus, it appears that the point where C reaches m H 
a maximum follows the same trend as the nondimensional breakup time. 

Comparing 7 and 7 one finds the difference is not in the same direction 

for M near 3 as for M near 5. An important difference may be that in the 

case of M 

the critical pressure of DECH (25 atm). This is not true for M =" 3. Further 

investigation is needed to ascertain whether the possible difference is indeed 

important. For the present we assume that the maximum C signals the 

end of the reaction zone and therefore conclude that the reaction length is 

controlled by the breakup time. 

z tu /D 200 when M m S 
N 

b m 

5 the drops a re  initially subjected to pressures higher than 

H 

It should be noted that the product of the last two density ratio terms 

in Eq. (2.11) should correspond to u 

differ by much if values corresponding to u were used. Furthermore, 

for mixtures leaner than twice stoichiometric, an increase in (9 corres- 

ponds to an increase in u 

Thus Eq. (2.11) can be approximated by 

However this product would not 
S 

so 

and therefore in the product of the density terms. so 
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STA I I X  

200 ySEC 

Fig. 2.17. Response of heat transfer gauge to single stream 
2 6 0 0 ~  drop detonation, 3. 3 (run no. 506). 

27 



8 
(0 
Y) 

CD 
QD 
4 

I 

i 
i 

I3 
0, 
4 

b 
00 
t 

0 
)c 
b 
4 

Q) 
00 
4 

! 
I 
i 

I :  

d- 
0 
9 

rr) 
0 
9 

- 
0 
9 

28 

0 

0 
0 
QD 

0 
0 
tc 

0 
0 
<o 

0 
0 
IC) 

0 
0 
Q 

0 
0 m 

0 
0 
(u 

0 
2 

0 

d 

E 
11 I 

k 
0 

P) 

w 

E 
.r( + 

3 
0 
m .d 

2 
E 
7 
3 
*r( 

E: 

m 
3 
c, 

2 

8 

.d 

.r( 
0 
w w 

0 
k 
P) 

m 
d 
cd 
k 

w 

c, 
c, 

t! 

co 
l+ 

cu 

da 
iz 



U 

U so 

-1/2 

(2.12) 

-3  Using a value of C = 2.5 x 10 (which is our best up-to-date estimate) H 
and y3 = 1.2, we obtain for our tube (r = 1.04 em) for D = 2600p, 940p and 

290p, u /u = 0.76, 0.90 and 0.96 respectively. These values are in rea- 

sonable agreement with the experimental results shown in Fig. 2.15. Thus 

although the structure of the spray detonation is very complicated, it appears 

that the one-dimensional theory with frictional and heat transfer losses in a 
reaction zone controlled by the breakup time can offer useful predictions 

of the detonation velocity. 

h 

s so 

P 
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III. LIQUID FILM DETONATIONS 

1. Test Setup and Procedure 

The test setup for the film detonations is similar to that of the spray 

detonations. However, since it was found that the shock tube initiator was 
insuffiefknt to start the film detonations, a vertical 2 in. i. d. driver was 

used, This tube consisted of seamless 304 stainless steel with 1/4 in. walls. 

The performance of the driver is discussed later. 

The layer of fuel was applied the wall by running a very fine sponge, 

which was soaked with fuel, down the tube. The sponge was fastened to a 
holder so that either one wall o r  two opposing w a l k  could be coated. The 

sponge and sponge holder were weighed before and after application of the 

fuel, and thickness of the fuel layer was calculated from the wGight by as- 
suming a uniform distribution of fuel. The relationship between the weight 

of fuel applied and the thickness of the fuel layer is plotted in Fig. '3. l 'forthe 

tube used. The equivalence ratio.is also plotted as a function of the fuel 

weight. A stoichiometric mkture  ratio is attained with about 2. 5 g of fuel 

the walls, and when two walls are coated this results in a fuel layer lop 

thick. When only one wall is coated, a stoichiometric mixture is achieved 

with a 20p thick fuel layer assuming one atm 0 present. The film detona- 

tion experiments were run near the above conditions. It should be mentioned 

that the DECH runs down the wall very slowly because the layer is so thin. 

The velocity and mass flow of a falling liquid film are calculated on the basis 

2 

of the theoretical work of Musselt (1960) which was verified experimentally 

by P o r t ~ d s k i ( ~ ~ ) .  The mean velocity of the liquid layer is 

0 
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Fig. 3 . 1 .  Effective equivalence ratio and film 
thickness for a given weight of fuel. 
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and the velocity of the outer layer of fluid is, 

2 
u=-= 

mean pga 3/2 u 
21.1 

The mass flow rate per unit width of the plate is, 

Using p = 0. 802 g/cc and p/p = 1. 35 cS, which are representative of DECH, 

Eq. (3. 2) and (3. 3) become, 

(cm/s ec) (3 .4)  
4 2  u = 3 . 6 3 ~  f 0  A A 

Equations (3. 4) and (3. 5) are plotted in Fig. 3. 2 for values of h from 

51.1 to 401.1. 

For a 1Op thick film the velocity of the outer edge of the liquid is 

0.036 cm/sec, while for a 201.1 film the velocity is 0. 145 cm/sec. Generally 

the tests were run not longer than 5 minutes after applying the film. In that 

time a 10 p film on two walls of the tube would lose about 0.048 g out of 2. 5 g 

while a 20p film would lose 0,19 g out of 2. 5 go This was considered as an 

acceptable deviation, but it is apparent that it is not feasible to use films of 

DECH much thicker than 20p with this technique. 

The procedure for running a film detonation was as follows: remove ;the 

driver section, position the wetted sponge at the top of the combustion tube, 

cover the flange with a . 001 in, Mylar diaphragm and attach driver section, 

purge with oxygen through the open end of the combustion tube, shut off the 

oxygen and draw the wetted sponge rapidly down the tube, seal the bottom of 

the combustion tube with a 001 Mylar diaphragm, load the driver, and fire 

the spark plug to detonate the driver. An. oxygen purge was used, rather than 

8 
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Fig. 3.2. Maximum velocity and mass flow of a falling liquid 
Layer vs, thickness of the layer. 
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evacuating the combustion tube after the fuel had been applied, because it 
was found that evacuation caused a fog to appear. This fog was due to two 

sources-water vapor in the air, and entrapped air in the DECH which 

caused very fine DECH droplets to be formed as the pressure was reduced. 

2. Performance of the Driver 

As was mentioned before, the initiator driver used for the droplet deto- 

nations was insufficient to trigger a film detonation. A 1/2 in. i. d. initiator 

driver mounted vertically above the center of the square combustion tube, 

with the diaphragm at the f1ang.e of the square section, was insufficient to 

consistently trigger a film detonation (when 60 in. Hg of 2H2 + O2 was used 

in this driver, a film detonation could occasionally be generated). A 2 in. 

i. d. initiator driver was then used. When only one wall of the combustion 

tube was coated with fuel, the driver was filled with 20 in. Hg of 2H2 + 02; 

when two walls were coated, 15 in, Hg of 2H2 + O2 was used. 

The use of detonation waves to create high pressure reservoir gases in 

the driver section of a shock tube has been considered for a number of years.  

The main advantage is that a shock wave can be generated with a very low 

initial driver pressure as compared to a conventional helium driver shock 

tube. Morrison'15) analyzed the collision of a detonation wave with a gaseous 

interface. As an example, he showed that a detonation wave passing through 

a stoichiometric mixture of hydrogen and oxygen at one atm transmits a 
Mach 4 . 4  shock into a driven section containing air at one atm. Reported 

experimental studies concerning this type of shock tube driver are not known 

to be available, probably because this method has not proven to be useful 

when uniform conditions in the driven section are desired. 

Pressure and heat transfer records of the shock which is transmitted 

by the 2 in. i. do initiator are shown in Fig. 3. 3 for the detonation of 1 and 

l/ '2 atm stoichiometric hydrogen-oxygen into one atm air. It is immediately 
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Fig. 3.3. Transmitted shock from the 2 in. i. d. initiator due to 
detonation of (2H2 + 0 2 )  into 29.0 in. Hg air. 
(a) 30 in, Hg of (2H2 + 02). 200 psec/div, Station 2: filtered 
Kistler model 603, 134 psi/div. Lower beam: heat transfer 
gauge No, 16, 150 2 ohm, 19.0 ma, 0.00714 V/div. 
(b) Same as (a) but at station 4 and 100 psec/div. 
(c) 30 in, Hg of (2H2 + 02). 200 psec/div. Station lox: Kistler 
601A, 19. 8 psi/div, Station llx: Kistler 603, 26. 8 psi/div. 
Station 12x: Kistler 603, 31. 2 psi/div. Station 13x: Kistler 
601A, 41 psi/div. 
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Fig. 3 . 3 .  (cont.) 

(d) 15 in, Hg of (2H2 + 0 ~ ) .  500 psec/div. Station 2: Kistler 603, 
134 psi/div. Lower beam: heat transfer gauge No. 16, 150 2 ohm, 
19,O ma, 0.00714 V/div. 
(e) 15 in, Hg of (2H2 + 02). 200 psec/div. Station lox: Kistler 
601A, 19,8 psi/div. Station llx: Kistler 603, 26. 8 psi/div. 
Station 12x: Kistler 603, 31, 2 psi/div. Station 13x: Kistler 601A, 
41 psi/div. 
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apparent from the pressure records that the pressure is not constant behind 

the transmitted shock, but rather there is a trailing rarefaction similar to 
the trailing rarefaction behind the detonation in the driver. At stations far- 

ther from the diaphragm the pressure behind the transmitted shock decreases 

less rapidly. 

The transmitted shock attenuates quite rapidly. The velocity of the 

transmitted shock as a function of distance from the diaphragm is shown 

in Fig. 3. 4 for initial driver pressures of 30, 20, and 15 in Hg. The velocity 

of the transmitted shock decreases about 50% in 10 ft. It should be pointed 

out that the driven section (i. e . ,  combustion tube) is square and has a cross 

sectional area 14% smaller than the driver, but the effects of the mismatch 

are believed to be small (the velocity of a transmitted shock in a 2 in. i. d. 

driven section exhibits a similar decay(I)) 

When the detonation wave in the driver hits the diaphragm, a reflected 

shock travels up the tube, hits the end of the driver, reflects down the tube 

as a shock, and tends to catch up with the main shock front, as seen on the 

pressure traces. When 1/2 atm is used in the driver, the second shock is 

about twice as far behind as when 1 atm is used. 

The heat transfer gauges show another important difference compared 

to the conventional shock tube. In Fig. 3. 3(a) at station 2 the second rise 

in voltage, which occurs 200 psec after the first rise,  is interpreted as the 

interface between the driver and driven gases. At station 4 (Fig. 3. 3 (b) ) 

and farther distances from the diaphragm, no separation between the inter- 

face and the shock is observed. Also, when the initial driver pressure is 

reduced to 15 in. Hg of 2H2 + 02, no separation is observed. Apparently the 

velocity of the interface does not attenuate as rapidly as the velocity of the 

shock, so that they converge rather than diverge as in a conventional shock 

tube. 
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Thus it is concluded that a driver which is operated in the detonation 

mode as described, transmits a pulse of high pressure - high temperature 

gas of varying and unknown properties. However, due to the rapid decay, 

the 

the 

3. 

two phase detonation in the combustion tube rapidly out runs the gas from 

driver . 
D.e tonation R esults 

When two walls were coated with liquid, an average of 2. 1 g with a 

standard deviation of 0. 42 g was applied, which represents an 8. 5p thick 

film or 0. 85 times stoichiometric. When one wall was coated with fuel, an 

average of 2.3 g with a standard deviation of 8. 55 g was applied, which repre- 

sents an 18. 5p thick film or  0. 95 times stoichiometric. As will be shown the 

velocity of propagation was increasing slowly through the region of the test 

section and reached 3,500 to 4,500 ft/sec depending on the initial conditions. 

taken with an image converter camerd2) of the self luminous light that showed 

that the combustion is initially confined to a narrow region along the wall. 

Light from the radiating gases does not f i l l  the benter of the test section un- 

til at least 500psec after paa8age of the initial shock. When only one wall 

is coated with fuel the velocity of propagation is nearly 1,000 ft/sec lower 

and correspondingly the initial luminosity is lower. In this case the outer 

edge of the combustion zone appears to fluctuate more, and variation of the 

intensity along the wall is more noticeable. 

(Q Framing camera photographs taken with a Dynafax Camera, and snapshots 

The spark schlieren photographs'') showed the highly turbulent nature of 

the reaction zone. The turbulent structure immediately behind the leading 

shock front could be generated by perturbations in the shock front itself, as 

well as f m m  pressure pulses which are sent out by the combustion zone. On 

the basis of the self-luminous photographs, it is felt that the turbulent structure 

near the centerline of the test section consists primarily of oxygen. 
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Streak photographs show some of the dynamics of the reaction zone. In 

Fig. 3, 5(a), en with fuel on two walls, the slit is located 1/16 in. from the 

wall, The leading shock front is perturbed only slightly over the distance ob- 

e the leading edge of the combustion front is perturbed quite 

strongly. The ignition delay time varies from a maximum of 19 psec to a 

minimum of 6. 5 psec. When only one wall is coated with fuel as in Fig. 3. 6 (a), 
a similar structure is observe 

from 36 psec to 28 pbec. A r 

separated by about 85 psec  is visible. These lines a re  possible caused by a 

transverse motion, although their origin is not understood. 

he ignition delay time in this case varied 

pattern of nearly vertical (84’) lines 

schlieren p ~ ~ ~ o g ~ ~ ~ h ~  of the film detonations with the slit located 

along the centerline of the tube a r e  shown in Fig. 3. 5 (b) and 3. 6 (b), (c). The 

leading shock and several  secondary shocks a re  clearly visible. Some of 

the pertinent velocities from the streak photographs are summarized in Table 

I. In Fig. 4.5 (b) three ~e~~~~~~~ shocks are spaced about 32 psec  apart, o r  

the initial shock, the separation between secondary 

shocks is 1, 6 in. The initial shock is travelling at 4050 ft/sec and the first 

and second s e c ~ n ~ ~ ~ y  ~ h ~ ~ k ~  are ~ ~ v ~ ~ ~ i ~ g  downward at 8800 ft/sec. The 

third secondary shock is ~ a v ~ l ~ i ~ ~ g  slightty slower. In Fig. 3.6 (b) the initial 

shock is travelling at 5350 ft/’sec and the first secondary shock 5200 ft/sec. 

both (b) and (c) the sep ation between secondary shocks is about 40 psec  

and thus the dis een ~ e c o n ~ ~ r y  shocks is again 1. 6 in. 

he following d ~ ~ c ~ ~ p t ~ ~ n  of the secondary shocks is apparent from the 

streak photographs e 

3 to 4 in, of travel. 

fuel surface at le 

along the fuel surface c ~ ~ ~ ~ m ~ ~  vaporized fuel which is sufficiently mixed with 

oxygen. Near the origin of the secondary shock there is a relatively large 

e initial shock is p e r k b e d  by a secondary shock every 

case a secondary shock originates at the 

the initial shock front, and it travels 
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Table I. Analysis- of Streak Photographs of Film Detonations 

Run 377 

Run 371 

D is turbanc e 

Initial shock 

First secondary shock 

Convective flow behind 
first secondary shock 

Convective flow after 400 psec 

Flow turns after 1100 psec  

Initial shock 

First secondary shock 

C o nve c t ive flow b e h ind 
first secondary shock 

Convective flow dter 1000 psec 

Flow turns after 1800 psec  

a! 

71 

81 

66 

53 

0 

67. 5 

75 

64 

32 

0 

V 

4050 

8800 

31 40 

1860 

0 

3350 

5 200 

2 840 

870 

0 

M 

3. 8 

2. 7 

3. 1 

1. 5 

amount of mixed reactants and as the secondary shock moves down the tube 

progressively less vaporized fuel is available for chemical reaction. About 

40 psec after passage of this secondary shock, the layer of liquid becomes 

sufficiently prepared to generate another secondary shock. At the point of 

origin the secondary shock would move out in cylindrical fashion and head 

both upstream and downstream. The branch going upstream against the con- 

vective flow would soon run out of fuel and decay, while the branch moving 

downstream with the convective flow is driven at its base by the available 

reactants. Thus the forward moving secondary shocks are curved with the 

edge of the shock near an inert wall trailing the edge near the fuel layer. 
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For the case when two walls are coated with fuel, the curvature of the 

secondary shocks is greatly reduced and thus travel at a considerably higher 

velocity. Since in our experiments the thickness of the fuel layer for the two 
wall case was about 1/2 that for the one wall case, and since the convective 

flow velocity within the reaction zone is higher, the secondary shocks in 

Fig. 3. 5 (b) seem to originate only about 1/2 as far behind the initial shock 

as in the one wall case. 

As will be discussed below the secondary shocks a re  also apparent in the 

pressure traces. Since the Dynafax photographs of the self-luminous light 

show a continuous combustion along the wall, it is rather puzzling why the 

secondary shocks would be generated at all. It is possible, however, that a 

local explosion is superimposed on a deflagration which is occurring contin- 

uously at the interface between the oxygen which diffuses towards the wall 

and the fuel which diffuses outwards. While the deflagration continues, the 

vaporized, and later mechanically stripped, fuel layer builds up to the point 

where a localized detonation can occur. An analogous situation 

was observed with the 2600 pdiam drops where the microspray in the wake of 

the drop builds up and then is violently consumed, 

Komov and Troshin'"' were the first to study the structure of a film 

detonation, and it is interesting to compare their work with the above results. 

They used a horizontal tube 2 cm by 2 cm by 2 m long and coated the bottom 

and vertical walls with various fuels. For hexadecane and oxygen an average 

detonation velocity of 5340 ft/sec was achieved and the ignition delay oscil- 

lated from 5 to 20 psec. Two secondary shocks travelling at 8540 ft/sec were 

observed photographically, and the origin of the secondary shocks was shown 

to be approximately 4-5 tube diameters from the initial shock front. The 

secondary shocks were spaced about 55 psec  apart. Komov and Troshin 

point out that film detonations are unstable in the same sense as a gaseous 
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detonation since there is a variation in the ignition time delay and variation 

in the velocity of the flame movement, and that the secondary shocks provide 

an important means of maintaining the initial shock front. 

Records from the pressure and heat transfer gauges of the film detonations 

with the fuel on two walls and on one wall are shown in Fig. 3. 7 and 3. 8 res- 

pectively. Both filtered Kistler transducers and the lead metaniobate trans- 

ducer with the acoustic absorbing rod were used. For the two wall case 

the initial pressure jump at station 1 2 x  in Fig. 3. 7 (a) is 300 psi  and at station 

1Ox in (b)9 280 psi. Some variation in pressure rise and propagation velocity 

are observed from run to run, and no definite correlation,of this variation 

with the amount of fuel applied to the wall could be deduced. An initial pres- 

sure  jump of 280 psi  in (b) corresponds to a pressure ratio of 20. 4; using 

normal shock relations this yields u = 4500 ft/sec, which agrees quite well  

with the average velocity between stations 9 x and 10 x as obtained from the 
S 

time scale of Fig. 3, 7 b)* The pressure decreases after the initial r ise  as 
heat is added to the flow and later due to the trailing rarefaction. 

The propagation velocity of the detonation as a function of distance from 

the driver was obtained from records such as Fig. 3. T(e) by measuring the 

time for the wave to travel a known distance. In this figure the average propa- 

gation velocity between stations 9 x- 10 x- 11 x- 12 x- 13 x remains nearly constant 

at 4640 60 ft/sec. The propagation velocity is plotted versus distance from 

the driver diaphragm in Fig. 3.9 for several different runs. Each of the lower 

two curves represent 7 different runs although measurements were not neces- 

sarily made at each station for each run. 

The top curve represents ~ W Q  runs which were made with 1/2 atm of oxy- 

gen in the combustion tube. This was the most convenient way to vary the mix- 

ture ratio. While it is not the purpose of this study to investigate the effect of' 

mkture  ratio on the propagation, it is worth noting that increasing the mixture 
ratio from 0.9 to 1. 8 times stoichiometric increases the velocity by a factor of 

1. 2. 

i 
I 

'"7 

' I  

48 



Fig. 3 . 7 .  Pressure and Heat Transfer Records of Liquid Film 
Detonations-Fuel on Two Walls. 

(a) Run 342, 2. 3 g DECH, 29. 5 in. Hg 0 . 
603 pressure transducer (in the fuel), 3l#psi/div and 50 psec/div, 
triggered at station 7. Station 12x: Kistler 601A (90' out of tne fuel), 
198 psi/div and 200 psec/div triggered at sta&ion llx. Lower trace : 
Heat transfer gauge No. 16 at station 12x (90 out of the fuel), 16.8 
ohm, .02 V/div and 200 psec/div triggered at station l lx.  

Station 8: Kistler Mod. 

(b) Run 362, 2, 6 g DECH, 29. 2 in, Ng 02. 200 psec/div. Station 8: 
Kistler 603 (in the fuel), 156 psi/div triggered at station 7. Station 
lox: Mod 6.7 pressure transducer (90' out d the fuel), 195 psi/div 
triggered at st3tion 9x, Lower trace: Heat transfer gauge No. 34 at 
station lox (90 out of the fuel), 12.7 ohm, .02 V/div triggered at 
station 9x. 
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(e> 

Fig. 3.7. 

8 

9x 

8 
9x 

lox 

6 
7 

8 

1 ox 
1 lx 
12X 
13x - 

(c) ;tun 353, 2.6 g DECH, 29. 5 in. Hg 02 200 psec/div triggered 
at station 7. Station 8: Kistler 603 (in the fuel), 156 psi/div. Sta- 
tion 9x: Mod 6. 6 pressure transducer, 195 psi/div. 

(d) Run 354, 2 g DECH, 29. 5 in 02. 500 psec/div triggered at 
station 7. Station 8: Kistler Mod 603 pressure transducer (in the 
fuel), 156 psi/div. Station 9x: Kistler 601A (in the fuel) 164 psi/div. 
Station lox: Kistler 601A (in the fuel) 198 psi/div. 

(e) Run 379, 1,9 g DECH, 29.4 in. Hg 02. 100 ,usec/div. Station 8: 
Kistler Mod 603 pressure transducer (in the fuel) triggered at station 
5, 312 psi/div. Station lox: Mod 6.6 pressure transducer (in the 
fuel), triggered at station 9x, 195 psi/div. Station llx: Mod 6.7 
pressure transducer (in the fuel) triggered at station 9x, 195 psi/div. 
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out of the fuel), .02 V/div. heat transfer gauge 
( c )  Run 361, 1- 6 g 2. 200 psec/div, Station 8: 
Kistler 603 (in the fuel) v, triggered at station 7. Station lox: 

out of the fuel), 78 psi/div, triggered 
ge No. 34 at station lox 
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Fig. 3.8. 
(d) Run 365, 2,7 g DECH, 29. 2 in. Hg 02 .  
Mod 6.7 pressure transducer at station 1Ox (90° out of the fuel), 78 psi/div.. 
Lower trace: Heat transfer gauge No. 16 at station lox (90* out of the fuel), 
.02 V/div. 
(e) Run 364, 2 g DECH, 29. 2 in. Wg 02. 
transducer at station lox (90° out of the fuel), 78 psi/div. 
(f) Run 374, 2.4 g DEC g 08. 100 psec/div. Station 8: 

.Mod 6.6 pressure transducer (in the fuel), triggered at station 5, 195 
psi/div. Station lox: Kistler 603 (1800 out of the fuel), triggered at 
station 9, 62 psi/div. Station 11x: Mod 6.7 pressure transducer 
(1800 out of the fuel), 78 psi/div. 

50 psec/div. Upper trace: 

50 psec/div. Mod 6. 6 pressure 
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For the case when one wall is coated with fuel the initial pressure jump 

at station 1 2 x  is 160 psi  for runs 348 and 351 (Fig. 3. 8(a), (b)) and 128 psi 

for run 361, which corresponds to pressure ratios of 12.1 and 9.8 psi  res- 

pectively. In run 361 the velocity of propagation, as obtained from the time 

between stations, is- lower and the amount of fuel placed on thewalls was some- 

what less. The pressure records again indicate that normal shock relations 

can be used across the initial shock front. Similarly to the other two phase 

detonations, the pressure behind the initial. shock decreases but not as rapidly 

as when two walls were coated with fuel. 

The secondary shocks are quite apparent during the first 200-400 psec in 

the records taken with the lead metaniobate transducer when one wall is coated 

with fuel. In Fig. 3. 8(d) the first secondary shock occurs 30 psec  after the 

initial shock and has a pressure jump of 40 psi  and a pressure ratio of 1.25  

which would be representative of a normal shock travelling at Mach 1. 1. 

The streak photographs indicated that the first secondary shock (for a different 

run) travels at Mach 1. 23 at the centerline of the hbe .  Considering the ap- 

parent curvature of the secondary shocks the agreement is surprising. The 

secondary shocks do not appear as a ser ies  of mrmal  shocks but rather as a 
series of pressure spikes superimposed on the initial pressure jump and spaced 

roughly 40 p sec apart (in agreement with the streak photographs). Figure 3. 8 (e) 

was made with a different transducer but of identical design and shows similar 

results. 

Figure 3. 8(f) shows the type of data from which the propagation velocity 

at various positions along the tube was obtained for the one wall  case. The 

results for 7 different runs are shown in the bottom curve of Fig. 3.9; a 
velocity of 3400 ft/sec was reached on the average. 

Representative wal l  temperature data is shown in Fig. 3. 7 (a), (b) and 

3. 8(a)-(d). In each case the heat transfer gauge is flush mounted in a dry 

wall. It was not possible to obtain meaningful data with gauge coated with fuel. 
I 
I 
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In general th-e wall temperature increases during the first 460 psec  for the 

two wall case and during the first 1000 psec  for the one wall case, and then 

levels out or decreases. The wall temperature data was converted to heat 

transfer rate according to the procedure outlined in Ref. (3). The results 

of the two wall case for 4 runs (including Fig. 3. 7 (a) and (b) ) are shown in 

Figs 3.10. The heat transfer rate is greater than 1000 Btu/ft. fsec during the 

first 460 psec. For the one wall case (Fig. 3. 11) the heat transfer rate is 

lower initially and increases with large fluctuations which reflect a more 

unsteady combustion process. After 1000 psec a sharp drop in heat transfer 

is noted. More detailed treatment of the film detonation results is presented 

2 

by Ragland (9) . 

4. Dynamics of the Liquid Film 

Borisov et  a1 (17, 18' 19) studied the dynamics of 8 mm - 0.1 mm thick 

layers of various liquids and industrial vaselines after passage of gaseous 

detonation waves. Apparently no combustion of the liquid layer occurs in 

their experiments. A micro-mist (T 5p) was observed along the wall after 

a certain time delay after passage of the shock front, and they propose that this 

mist is formed because of the pattern of reflected shock waves which develop 

in the liquid (due to the shock in the gas). However, the extent to which the 

reflected shock waves in the liquid actually contribute to the formation of the 

mocro-mist is not at all clear. Furthermore, it is felt that for liquid layers 

10- 201.1 thick these waves would rapidly attenuate. 

Borisov distinguishes between three distinct phases of the break-up process: 

1) the period after passage of the shock during which the liquid surface remains 

flat, 2) disturbance o r  bulging of the surface, and 3) tearing free of a mist from 

the surface. For a layer of glycerin: of the order of 5 mm thick that is proces- 

sed by a 1 atm 2H2 + O2 detonation wave, the duration of the stages was 

55 



I 

O'OOPZ 0'01 
I t lM 01 K l . & N t l k I l  

56 

I 
tl3H 
1 0'008 

2.3 

0 
d 
Y 

0 

0 
d 
co 

u 

0 W 
d 
3 

9 

-m 
n z 
0 

0a .w 
oo(" 0 0  
-E 
2 
E 

.w  
E= W- t 

0 
0 N-. 

v 

0 

c' 
0 
0 a 

U 

0 0 d 

0 

0 
0 N 

0 . .  

4 

B 

B 

d 
d 
cd 

0 
c, 

8 
l-4 
a, 
3 w 

Nl 
0 

.. 
.I4 
c, 

2 
0 
a, a 
c, 

Et 

6 

5 w 
a, 

k 
0 w 
d 
d 
cd 

a, 

0 

k 
a, 

Y-( m 
E: 
cd 
k 

B 

6 
c, 

c, 
-w 

3 
X 

d 

bb 

P 4  

M 

.d 
m 

4 

I 



c 
.i 

r *  

i 
. )  

I 

do 

cd 
3 
9) 
E: 
0 
c 
0 

9) 
1 

A 

A 

+I 

m c 
0 

.. 
.I4 
+-, 

2 
0 
9) a 
+-, 

Ei 

5 

A 
.I4 
w 
9) 

k 
0 w 
A 
d 
cd 

9) 

0 

k 
9) w m c 

B 

5 
c, 

2 

x" 
u 
c, 
cd 

4 
4 

Cr3 

bb 
G 

57 



1) 300 psec,  2) 500 psec,  and 3) 400 psec. For a layer of industrial vase- 

line 100p thick processed by a one atm CH + O2 detonation, it appears that 
4 

approximately 300 psec  is again required before the surface of the vaseline 

distorts. The effect of varying the thickness of the layer and the type of 

liquid on the duration of the above stages has apparently not been systemat- 

ically investigated. 

An exploratory experiment on the behavior of a thin layer of DECH in 

a shock tube was reported in Ref. 2). A layer of DECH, estimated to be 

5 to 50p thick, was painted on a flat plate that was mounted in a 1. 5 x 2. 5 in. 

shock tube. At the time of the tests the fastest shock which could be obtained 

was Mach 2. 2 in 1 atm air. The plate was back-lit with collimated light and 

a sequence of photographs were taken with the image converter camera. 

The apparent thickness of the liquid layer increased gradually after passage 

of the shock wave and the edge of the layer was distinctly ragged. The thick- 

ness of the layer increased to about 0.05 in. after 140 psec  and retained this 

thickness for an additional 40- 60 p sec, 

It is not clear for thin films whether the micro-spray is formed by an 

internal pressure wave process as suggested by Borisov et al, or by the 

shearing action of the convective flow. The formation of the micro- spray^ 

in the wake of a drop, under the conditions of interest for two-phase deto- 

nations, is believed to be a shearing process (after deformation of the drop! 

rather than a shattering of the drop due to build up of internal pressure due to 

reflected shock waves inside the drop, Thus it is possible that the shear 

stress at the wall within the boundary layer could be the major force tending 

to form the micro-spray along the wall. 

3) 

If the shear stresses form the micro-spray, then it follows that the 

micro-spray would be produced more slowly in a burning layer of liquid, 

since burning greatly reduces the shear stress. '3) On the other hand, burning 

increases the vaporization rate. 

cess by which the fuel enters the reaction zone of the detonation is through 

vapor izaticsn, 

Thus it is felt that the most important pro- 
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Although the flow within the reaction zone is certainly turbulent, it is 

interesting to calculate how much fuel would be vaporized by a diffusion 

limited, chemically reacting, laminar, boundary layer. The solution of 

this type of boundary layer is given by Ragland'20). Application of the 

theoretical solution to conditions representative of the flow conditions for 

the film detonation with two walls coated with DECH showed that 25% of 

the fuel would be vaporized after 460 psec, Thus it seems reasonable 

that vaporization from a turbulent boundary layer could account for nearly 

all the mass addition. 

On the basis of the foregoing experiments and reasoning the following 

explanation of a film detonation is offered. The initial shock front compresses, 

preheats, and sets into motion the gaseous oxidizer. Heat is transferred 

from the oxidizer to the layer of fuel and, because of the relatively low 

thermal diffusivity of the liquid, little heat is lost to the wall and the sur-  

face of the liquid is maintained at its equilibrium boiling point. The eva- 

porated fuel diffuses towards the center of the tube and the oxygen diffuses 

towards the wall. After a time delay of 6 to 36 psec ignition occurs within 

the boundary layer which increases the evaporation rate due to the increased 

temperature and increased turbulence level of the boundary layer. The 

combustion process within the boundary layer is not completely steady 

as evidenced by the formation of secondary shocks. The heat release due 

to combustion drives the initial shock front by the expansion of the hot 

gases within the reaction zone and by the secondary shocks which collide 

with the initial shock. 
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IV. SHATTERING OF LIQUID DROPS 

The spray detonation studies, published earlier and also presented in 

the early portion of this report, established the importance of the aerody- 

namic shattering of the liquid drops. It has been shown that the drop 

breakup time is the major determinant of reaction zone length. This 

phase of the study has continued and the progress made during the past 

year is reported herein. Some repetition of earlier reports is included 

for the sake of continuity. It should be noted that all of the studies a re  

at high Weber numbers (>> I O )  so  that the bag type of break-up is not of 

concern here. 

In the following sections further results of a shock tube investigation 

a re  presented followed by an analytical treatment of boundary layer strip- 

ping from the drop. The experimental and theoretical results a r e  then com- 

bined to examine the validity of the model, 

I Experimental Apparatus 

The experimental arrangement used in this study is shown schematically 

in Fig. 4. lo A stream of extremely stable, uniform size, equally spaced 

drops is obtained by vibrating a small jet of water at the Rayleigh instability 

frequency. These drops fall vertically through the test section of a helium 

driven shock tube by means of an opening in the top and bottom. Since the 

test section is open to the atmosphere, the initial pressure in the driven 

section is PI = 1 atmosphere. A collimated beam of high intensity light is 

used to back-light the drops, and both image converter and rotating drum 

type cameras a re  employed to photograph the interaction phenomena. A 

more detailed description of the experimental equipment is given elsewhere (2 ,3)  

The experimental procedure consists of obtaining a time history of the 

deformation, disintegration, and displacement of a drop by taking a series of 

individual shadow photographs at different time intervals after the shock wave 

intercepts the drop and by taking streak photographs. 
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A modified Beckman and Whitley Dynafax camera was employed to obtain 

the streak pictures. The arrangement, using a 0. 125 in. wide slit, is shown 

in Fig. 4.. 2. The individual photographs, which are 0.1 psec exposures, 

were taken with a Beckman and Whitley Model 501A image converter camera. 

This camera is triggered by a thyratron circuit which is fired by a signal 

produced from a pressure switch located in the wall of the shock tube just 

upstream of the test section, as shown schematically in Fig. 4.3. A time 

delay unit is used to control the time that elapses between the moment that 

the shock passes this switch and the instant that the picture is taken. A 

measurement of the transit time between two pressure sensors was utilized 

to determine the shock speed. Extreme care was taken to insure that the 

testing time available was greater than the anticipated breakup time and 

that the drop separation distance was sufficient to rule out proximity effects. 

2. Results and Discussion 

The results discussed here a re  for experiments that cover the shock 

Mach number range of M = 1. 5 - 3 . 5  in air with water drops having diam- 

eters in the range D = 750 - 4400p0 Image converter and streak photo- 

graphs of typical shock wave -water drop interactions a re  shown and the 

resultant data shown in terms of drop deformation, displacement, and 

breakup time 

S 

0 

Figure 4.4 (a repeat from earlier work (3)) shows the sequence of events 

leading to the shattering of 750p drops by a Ms = 2.0 shock wave where 

initially the convective flow velocity relative to the motionless (in the stream 

direction) drop is approximately sonic and equal to 1415 ft/sec. The high- 

light which appears in the undisturbed drops is an image of the spark light 

source and it remains very bright and distinct until the growth of surface 

disturbances destroys the drop's ability to act as a focusing lens. In this 

sequence, the highlight disappears between 7.4 psec and 8.8  psec,  and the 

planar incident shock wave that is visible in several of the pictures moves 
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from left to right across the drops. The observed breakup can be temporally 

divided into two rather distinct stages. The first one, o r  dynamic stage, is 

the period during which the drops are flattened as a result of the external 

pressure distributions. The second stage is characterized by a surface 

stripping process which is produced by the shearing action of the convec- 

tive flow and which rapidly reduces the drops to clouds of micro-mist. At 

t = 26 psec after the shock made initial contact with the drop, this latter 

stage is well developed. 

Measurements from these and other photographs establish for the first 

time that the deformed drops a r e  planetary ellipsoids. An example of this 

is shown in Fig.4.5where the experimental conditions were M = 3. 5, D 
S 0 

= 2700p, P1 = 1 atm, and the picture was taken at 14 psec.  The convec- 

tive flow is supersonic so that a bow shock is formed and is readily visible. 

Figure 4.6 is a tracing of the photograph in Fig. 4. 5 showing the elliptical 

shape which the drop assumes. The shaded area in the figure represents 

the volume occupied by the original mass of the drop assuming that its shape 

is a planetary ellipsoid. The eccentricity of the elliptical profile changes 

rapidly with time as shown in Fig. 4.7 where again the elliptical shapes 

have been traced directly from enlarged photographs, and the shaded areas  

correspond to the volume occupied by the original droplet mass. 

For the higher shock Mach number cases as in Fig. 4. 5, the deforma- 

tion and disintegration of a drop no longer appear as distinct and separate 

stages of the breakup but occur almost simultaneously. Also the fact that 

the liquid material being continuously stripped from the surface of the drop 

is able to follow the streamline pattern of the wake indicates that this liquid 

must be in the form of a fine micro-mist. Further comments relative to 

this will be brought out in connection with the streak photographs. 
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Fig. 4.5. Shadow Photograph of 2700y drop. 

passage. 
= 1 atm, t = 14 psec after shock 1. M = 3. 5, 

S 

, a  t 
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/ -BOW SHOCK 

\ 
Fig. 4.6. Diagram of photograph in Fig. 4.5. 
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The effect of shock Mach number on the rate of breakup and on the 

acceleration can be vividly seen in the streak photographs of Fig. 4.8 and 

4. loa These two figures show the continuous displacement of an 1 1 0 0 ~  

drop as a function of time when the incident shock strength is, respectively, 

M = le 6 and 2.5. Figures 4.9 and 4.11 are tracings of these photographs 

showing the displacement (x) and time (t) scales, the particle path, the drop 

trajectory, and the point (x, 7) at which the local slope of the displacement 

curve is equal to 95% of the convective flow velocity, U2, behind the shock 

front 

the Mach 2.5 shock intercepts the drop whereas approximately 50 psec 

elapse before stripping is apparent at the lower Mach number. It is inter- 

esting to note that in both cases the material which i s  initially removed from 

the drop surface is accelerated almost instantaneously to the particle ve- 

locity behind the wave front thus giving additional evidence of the small size 

of these particles. Since the convective flow is supersonic relative to the 

drop, one also notes the presence of a stand-off bow shock and several wake 

shocks when M = 2.5, Figure 4.12 gives a clear picture of the bow shock 

and the change in the stand-off distance with time as the drop is accelerated 

by the flow. 

S 

Disintegration is seen to begin within several microseconds after 

S 

The variation of drop diameter and drop position as a function of time, 

as determined from the image converter photographs for a variety of experi- 

mental conditions, were shown in Ref. (3). The results indicated that the 

time required to reach an equivalent state of deformation decreases and the 

maximum diameter attained increases as the incident shock Mach number 

varied from M = I. 3 - 3.5 (other conditions the same). 
S 

The displacement data indicated fairly good agreement with a parabolic 

relation between distance and time during the initial' phases of the- breakup, 

but a departurk from :this- r'elati - -In the latter phases., T h k  

indicated ' that hihially the drop' acceleration is reasonably con- 

stant but it does not remain so during the advanced portion of the 

, .  
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Fig. 4.9.  Diagram of photograph in Fig. 4.8. 
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breakup. Physically, this means that approximately midway through the 

breakup period the mass of a drop is decreasing at a rate faster than the 

drag forces are diminishing and the net effect is an increase in the drop 

acceleration. 

In spite of the last qualification, it is interesting to consider the drop 

as a spherical particle of constant mass and then write the momentum equ- 

ation, Le .  

1 2 
- p  U S = m a  'D2 g r 

Now, assuming constant acceleration 

1 2 3 C P  D g U 2 t 2  
x = - a t  =--- 

2 8 D p Q  

or  in dimensionless terms with C 

pl a re  invariant with t), we get 

D, and U evaluated at t = 0 (p and 
D' r g 

- 3 -2 X = - C  T 8 D  

4 2  
where ?T = x/D and ;?; = .'p,/p, U2/Do t = U2 t/Do p . 

0 
The displacement data for a variety of drop sizes and shock strengths 

(including some data from Engel'") and Nicholson (11)) are plotted against 

the non-dimensional vaoiables with the result shown in Fig. 4.13* It is 

seen that all of the data collapses into the single parabola % = lo 1 T , ex- 

cept for the data of Nicholson which better fits % = 0.714 T2. The constant 

of lo 1 implies a CD = 3. 

-2 
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In view of Eq. (4.2) it is interesting to examine some of the dynamics 

of drop shattering in terms of the dimensionless coordinates e Accordingly, 

the drop deformation data for a wide range of experimental conditions a re  

shown in Fig. 4.14 as a function of ??. Although some scatter is evident, it 
is apparent that the deformation approximately obeys a two part  linear vari- 

ation wherein the maximum diameter is realized at about 30% of the breakup 

time a 

The effect of incident shock strength on the time required to break up a 

drop of a given diameter for certain initial conditions was determined from 

image converter photographs. These results were presented earlier 

along with similar results of other investigators. Other things being equal, 

the higher shock Mach numbers lead to much lower breakup times; for ex- 

ample, less than 100 psec a r e  required to completely disintegrate a 9OOp 

drop at M = 3.5 whereas 360 psec are required at M = 1 .5  (PI = 1 atm). 

Of course, the real variable of importance is the dynamic pressure behind 

the shock. This influence has been pointed out by others and is certainly 

true of this work. In fact for most of the experimental conditions of this 

, approximately. This particular rela- work it turns out that 

tionship can also be seen from the 

If the dimensionless breakup time, Tb, is evaluated from the data it is found 

that, approximately, 'F = 5 (see Fig. 4.14)* However, there is a M effekt 

in that 

value of 5, then 28; that is to say,  the drop displacement distance for 

breakup is about 28 diameters. A comparison between dimensionless break- 

up times can be made by rewriting Clarkfs(12) expression in terms of 'i; to 

get Tb = Using a value of E = 15, corresponding to complete breakup, 

one finds a Tb z 4 which is in reasonable agreement with the value evaluated 

from the present study. 

( 3) 

S S 

-112 
$3 OC 92 

- 'F correlation and the definition of F- 

b S 
varies from about 5 - 6 as M goes from 1 . 5  - 3.5. Using the b S 

b 
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Using, for the displacement, the relation ?7 = 1.1 T2, the relative 

velocity between an accelerating drop and the convective flow behind the 

shock front can be computed. These computations are plotted versus r 
in Fig. 4.15 with the shock Mach number as a parameter. The computations 

a r e  independent of D and assume air at Pl = 1 atm. The results indicate 

that at breakup, when ??z 5, the relative velocity diminishes to approxi- 

mately 50% and 20% of its initial value when M = 1. 3 and 3. 5, respectively. 

Figures 4.16-4.2l.give results of the streak photography for drop sizes 

0 

S 

1000-4OOOp in diameter over a Mach number range M = 1- 52 - 3.34. Fig- 

ures 4.16, 4.18, and 4.20 are families of displacement curves taken from 

streak photographs of the breakup whereas Fig. 4.17, 4.19, and 4.21 show, 

respectively, these same displacements plotted in the non-dimensional 

coordinates f7 and 

is their similarity and the influence on them of the convective flow Mach 

number, M It is  interesting to note that, up to the time when 5; E 2, no 

parametric dependence on Mach number is apparent, however, for T > 2, 
a consistent effect is observed which is independent of the initial droplet 

size. 

S 

The remarkable feature of these dimensionless curves 

2' 

Figures 4.17, 4.19, and 4.21 show that, as the convective flow Mach 

number is increased from about M2 2i 6 to M2 2: 1.0, the dimensionless 

time required, for a drop to move a dimensionless distance ?f: > 10, in- 

creases significantly. For example, in Fig. 4.19 where D = 1400p, one 

notes that when f7 = 30 and M2 = 62 and 94 then r = 5.1 and 5.9, respec- 

tively. It is also apparent that, instead of becoming more pronounced when 

M exceeds Mach one, the effect of Mach number on the dimensionless 2 
droplet displacement history is decidedly less  than it is near the sonic con- 

dition. For example, referring again to Fig. 4.19, we see that when % = 30 

0 

and M2 = 1,44 then 51; = 5. 3 whereas 51; = 5.9 at M2 = 0.94. This effect is 

clearly independent of initial drop size because it is preserved in the data 

presented in Fig. 4.17 and 4.21 for drop diameters ranging from 1000-4OOOy. 
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Fig. 4.16. Displacement data obtained from streak films when 
P = l a t m .  1 
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Fig. 4.17.  Dimensionless plot of data contained in Fig. 4.16 .  

84 



800 

600 

400 

200 

0 I 2 3 4 

DISTANCE, inches 

Fig. 4.18. Displacement data obtained from streak films of 
1400pdrops when P1 = 1 atm. 
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Fig. 4.19. Dimensionless plot of data contained in Fig. 4.18. 
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Fig. 4.20. Displacement data obtained from streak films when 
P = l a t m .  1 
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Fig. 4.21. Dimensionless plot of data contained in Fig. 4.20. 
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c ( 4  

An adequate physical explanation, for the effect of Mach number on 

the dimensionless displacement of a droplet, is complicated by the com- 

plex nature of the shattering phenomenon. Not only is the drop shape 

changing rapidly with time, thus altering the external pressure field around 

it, but the surface is being simultaneously stripped away, consequently re- 

ducing its mass. Therefore, the coupled effects of a changing drag and a 

diminishing mass are manifest in the non-dimensional displacement history, 

and any hope of being able to separate the two, for the purpose of giving a 

satisfactory rational explanation to the Mach number effect, is very slight 

indeed. 

The points at which the local slopes of the displacement curves are 

equal to 95% of the convective flow velocities behind the shock front a r e  

designated as (x, r )  in Fig. 4.16, 4.18, and 4.20. Referring to Fig. 4.18, 

where Do = 14001.1, one sees that the time required, 7, to accelerate to this 

velocity, 

the shock strength i s  increased from Ms = 

distance, x, at which this velocity is achieved is a constant and equal to 

x = 2.8 in. For larger drops this distance is greater than 2.8 in. and like- 

wise, it is less for smaller ones as seen, respectively, in Fig. 4.20 and 

4.16. The interesting element is that, although these distances depend on 

initial droplet size, the dimensionless distances, x, a r e  constant, inde- 

pendent of the initial diameter, and equal to x 
non-dimensional times, 7, vary somewhat depending on the magnitude of 

the convective flow Mach number. For example, in Fig. 4.17, when 

95 U , decreases sharply from t = 770 psec  to t = 150 psec as 

52 to M = 3. 34, but that the 
2 

S 

50, The corresponding 

= e 62 then 7 = 6. 3, however, with M = lo  41, then 7 = 7. 3. M2 2 
A comparison between the breakup times and distances determined 

from the individual image converter photographs and the distances (x) 

and times (T) obtained from the streak photographs is given in TableII. 
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It shows, among other things, that the times and distances evaluated using 

the previously defined criterion defining x and 7 a r e  in all cases longer 

than the breakup distances and times that were qualitatively determined 

from the individual pictures. In view of the fact that a drop is completely 

shattered by the time it is accelerated to .95 U2, this  quantitative breakup 

criterion is adopted to replace the previously used qualitative one. 

Several comparisons between the displacement data collected in the 

present study and the displacement histories reported by Nicholson and 

Engel a r e  given, respectively, in Fig. 4.22 and 4.23. The generally good 

agreement between Nicholson's data and the streak data, displayed in Fig. 

4.22, further substantiates the universality of the dimensionless displace- 

ment curves in Fig. 4.17, 4.19, and 4.21 because Nicholson's experiments, 

in contrast to those reported here, were conducted with various initial pres- 

sures  in the driven section ranging from 1 - < PI < - 6 psia. His data also 

reflect the same influence of Mach number on dimensionless displacement 

with the exception of when M = 1. 32. Instead of the effect being less pro- 

nounced at M = 1. 32, in accord with what has been found in this study, it 2 
is accentuated. This apparent deviation can be explained by the fact that 

Nicholson's data is reduced according to his assumed drop size rather than 

to a direct measurement of the diameter which, unfortunately, is unavailable. 

2 

Figure 4.23 makes two comparisons: one, between the displacement 

histories of Engel and the present study pieced together from a number of 

individual photographs; and two, between these pieced together histories and 

the streak photographs. The solid and dashed curves represent the streak 

data. From the figure, it is apparent that both sets  of data compare favor- 

ably with one another, thus indicating that, in spite of the numerous inherent 

difficulties of collecting data points one at a time, it was accomplished 

with reasonable accuracy. 
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Fig. 4.22. A comparison between the streak data contained in 
Fig. 4.19 and the displacement data of Nicholson. 
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All of the data reported here is for a stream of liquid droplets where 

the center -to -center separation distance between adjacent ones is no less 

than four diameters. In order to establish whether o r  not the displacement 

of a single drop in the stream is affected by its neighbors, two sets  of dis- 

placement tests were run. The separation distance was varied from four to 

ten diameters for both subsonic and supersonic convective flow conditions, 

and the reqults plotted in Fig. 4-24. The good agreement between the two 

sets of data indicates by comparison that even when the separation distance 

is four diameters the ]proximity effects a r e  negligible. This is not a surpris-  

ing result because, applying perfect fluid theory to the problem, one can sho~7 

from calculations that the perturbation to the pressure distribution over the 

surface of a sphere is negligibly small when the center of a neighboring sphere 

is at least four diameters distant, 

3. Boundary Layer Stripping Analysis 

It i s  apparent from the photographs that the collision between the inci- 

dent shock and the drop has little if any effect on the shattering phenomenon 

and thus breakup occurs as a result of the interaction between a drop and 

the convective flow field established by the shock. Therefore in formulat- 

ing a model for shock wave-drop interaction, one can neglect the shock alto- 

gether and treat the problem simply as a droplet in a high speed flow. The 

shearing action exerted by the high speed gas stream on the drop periphery 

causes the formation of a boundary layer in the surface of the liquid. Calcu- 

lations indicate that this layer can be established very rapidly after a drop 

is intercepted by a shock and the photographs show it being stripped away 

from the equator 

On the basis of these experimental observations, an approximate model 

is formulated for the breakup pknomenon by considering that disintegration 

results from a boundary layer stripping mechanism. The rate of disintegra- 

tion is found by integrating over the thickness of the liquid boundary layer 
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Fig. 4.24. The displacement of 3000~ drops when P1 = 1 atm. 
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to determine the mass flux in the layer and by assuming that this flux leaves 

the surface of the drop at its equator. In order to evaluate the mass flux, 

we utilize a form of analysis attributable to G. I. Taylor'") and similar to 
that used by Morre11(22) in his study of jet breakup. 

Consider, therefore, the sudden exposure of a liquid drop to a high 

speed gas stream. Boundary layers will form in each as shown in Fig. 

4. 25 where x is the curvilinear coordinate along the interface separating the 

two fluids, y is the coordinate perpendicular to it and r is the perpendicular 

distance from the axis of symmetry to the origin of the coordinate system. 

To calculate the exact form of these boundary layers, it would be necessary 

to go through a form of analysis similar to but more complicated than that 

of Blasius and therefore an approximate solution is sought. A reasonably 

accurate approximate solution to the two-boundary- layer problem can be 

obtained by assuming arbitrary simple velocity distributions containing a 
few parameters and then using the momentum integral relations to determine 

those parameters. 

If we assume that the flow is axisymmetric, steady, and incompressible, 

then the boundary layer momentum integral equation is 

cx) 
7- 

€0 co 
0 u (U - u) dy + I (U - u) d y +  

a 
ax rdx P 

I u (U - u) dy = -  (4.3) - 
- 

0 0 0 

where 

3 

i 4. 3), we have for the gas boundary layer 
h 2  
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and for the liquid 

a3 a3 

(4.5) 
d y + $ g l u Q  2 d y = -  

ax 
0 0 

where the pressure gradient in the liquid layer is given by dp/dx 

= - p U (dU/dx). Equating the shear s t ress  in the gas layer to that in the 

liquid layer at the interface yields a third equation 
g 

To obtain approximate results, it is sufficient to assume arbitrary forms 

for u and u1 and to assume that the drop shape, which is actually ellip- 

soidal, can be approximated by a sphere. Therefore, we have 
g 

3 U(x) = 5 Uoosin (x/R) (4.7) 

which is the ideal potential velocity distribution over the surface of a sphere, 

and 

r(x) = R sin (x/R) 

The velocity distributions in the liquid and gas layers are given respectively 

by the simplified but convenient expressions from Taylor,; i. e. 

-- uQ - A  expj L) 
U @ Q &  

(4.9) 
U 
g 

U -= 1. - (1. - A )  exp 

where A is the dimensionless velocity at the interface. These 4 

satisfy the limiting boundary conditions that 
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2 lim u = U(x) g 
l i m u  = 0 

Y - a  Y '00 

x = const 

Q 

x = const 

lim u = AU(x) Q 
Y - 0  

lim u = AU(x) 
g 

Y ' O  
x = const x = const 

Applying Eq. (4.7' - 4.'9) to (4.4-4.6), we obtain the three simultaneous 

equations 

V 
g (e.  10) 

a 2 u  
g c o  

3 3 x  3 sin (x/R) + 6 ($1 cos (x/R) + cos (x/R) = 

"' + 2 6Q sin (x/R) + 6 [E) cos (x/R)l = (%) [ "1 cos (x/R) (4.11) 
2 U  PQ ~ Q A &  

co 

which simplify respectively to, 

V 
3 g -U ( l + A ) a  = -  

ag 
8 c o  

3 - U  A a  = -  
8 c o  L a ,  

(4.12) 

(4.13) 

(4.14) 

(4.15) 
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at the equator of a sphere; i. e. ,  at (x/R) = n/2. From Eq.(4.14) we find 

and from Eq. (4.15) 

which when substituted into Eq. (4.13) gives 

Since A must be small compared to unity, one observes from Eq. (4.18) 

that A must be of the order ( p  /pQ) 3 2 
( u  / u  ). Therefore we put 

g g Q  

(4.16) 

(4.17) 

(4.18) 

(4.19) 

The mass of fluid in the circumferential liquid layer being swept along 

by the gas stream at a distance x = zD/4 from the stagnation point is 

rn 

(4.20) 

0 

Substituting for A and aI and replacing U by the relative velocity, Eq. (4.20) 

becomes 
rn 
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Therefore, the total mass  stripped away during a period equal to 

by integrating Eq. (4.21) with respect to time to obtain 

is found 

- 
3/2 1/2 - 1/6 1/3 T 

4 2  
I- m m - 3 G ( 3  (:) Re l(e) (1-C) dT 

0 0 
(4.22) 

where m is the initial mass of the drop. For complete breakup the left 

hand side will be unity and the integration will extend to In the absence 

of an analytical solution for the detailed dynamics of the drop, the integrand 

cannot be evaluated. Now for different drop sizes and flow conditions and 

noting that (p  / p  )ll6 (p /p )1/3 is a weak function, we see that the integral 

must be a function of Re. 

0 

b' 

g Q  Q g  

A preliminary check on the validity of the boundary layer stripping 

model may be obtained by borrowing from the experimental data. Thus, 

setting Tb = 5 and using the distributions for D/D and 1 - W/U2 shown in 

Fig. 4.14, and 4.15, one can calculate the total amount of mass removed. 

For the case Do = 9OOp and Ms = 1.5  one gets m/mo = 1.1. For the case 

D = 2'700p and Ms = 2 .1  one gets m/m = 0.64. In view of the approximate 

nature of the analysis, the use of approximate relations for the experimental 

data, and the fact that one of the cases tested represents compressible flow 

whereas the analysis is strictly restricted to incompressible flow, it is 

concluded that the agreement is quite encouraging. Further checks and 

consideration of the results a r e  planned. 

0 

0 0 
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V. SUMMllrRY OF RESULTS 

lo 

2. 

3. 

4. 

5. 

6. 

7. 

The experimental investigation of spray detonations indicates that the 

time required for the development of the detonation wave increases 

as the spray drop size increases. 

The difference between the experimental detonation velocity and the 

ideal C-J  velocity at a corresponding equivalence ratio is found to be 

a function of the drop size. The larger the drop size, the higher the 

difference 

The velocity difference can be explained by taking into account heat 

transfer and shear losses to the tube wall within the reaction length, 

which is reasoned to be controlled by the breakup time of the fuel 

drops. There is some evidence that the coefficient of heat transfer 

reaches a peak at a distance behind the wave corresponding to the 

breakup time of the drops. 

More details of the reaction zone have been obtained from "snapshotTT 

schlieren photographs of the detonation in a single stream of 2 6 0 0 ~  

drops. The convective supersonic flow behind the main front produces 

a bow shock ahead of the drop and trailing shocks in its wake. Com- 

bustion in the wake results in explosion waves which apparently catch 

up with the main front. Pressure peaks corresponding to these waves 

have been observed. 

No basic difference was found between the detonation of a low volatil- 

ity fuel (DECH) and that of a high volatility fuel (benzene). 

Detonations of a fuel filmalong one and two walls of the square tube 

were also investigated. The detonation velocity in the one wall case 

was lower (3500 ft/sec) than in the two walls case (4500 ft/sec) even 

though the equivalence ratioswere + 95 and 85 respectively. 

Streak schlieren and direct light photographs with the slit near the 

wall showed ignition delays of 28-36 psec for the one wall case and 

7-19 psec  for the two wall case. The schlieren photographs showed 

evidence of periodic secondary shocks which catch up with the main front. 

- 1  
h \  

:i 
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8. The shattering of inert drops by the convective flow tzehindcontrolled 

shock waves have been further studied by the use of.streak photography. 

It was possible to define a quantitative breakup timebased on the time 

the front of the drop reaches 95% of the convectiveflow. This time 

seems to correlate well with the previously rather subjective method 

based on examination of the shape of the shattered drop. 

The action of the convective flow results in deforming the drops into 

a planetary ellipsoid with its major axis perpendicular to the direction 

of the flow. 

An analysis of the breakup of the drop based on a boundary layer stripping 

model is completed and compared with experimental results. 

9. 

10. 

‘ t  
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APPENDIX 

lo  ELECTROMAGNETIC SHUTTER 

Some photographs of the detonation phenomenon were taken with 

a schlieren spark source which has a duration of 0 . 2  psec. The 

spark source can essentially act as its own shutter if the phenomenon 

to be photographed is not self luminous. In the case of two phase det- 

onation considerable luminosity is present after the passage of the 

shock front. Direct radiation to the photographic plate can be reduced 

by a suitable stopper at the focal point of the second schlieren lens. 

The stopper would allow the schlieren light to pass through but would 

considerably restrict the direct light. 

It was found that such a stopper was not adequate and therefore an 

electromagnetic shutter was used to reduce the exposure time of the 

direct radiation. The shutter was built in accordance with the design 

description of Pirroni and Stevens"), and is shown in Fig. A-1. It 

consists of a stator, an armature and a slider mounted on a phenolic 

plate. The stator and armature are adjacent to each other so that when 

a current from a power supply is passed through them, the armature 

is repelled and thus provides a force to move the sUder. The shutter 

time depends on the diameter of the holes in the slider and the plate 

and the speed of the slider. The slider speed during the time the two 

holes overlap, depends somewhat on the original position of the slider 

hole with respect to the fixed hole. A micrometric adjustment is pro- 

vided to preset  the slider at a desired position. This provides a 

mechanical time delay adjustment (a change of . 025  in. = 100 psec 

delay change) 

The power supply and the triggering circuits are shown in Fig. 

A-2. The spark coil is energized by a pressure switch(3) actuated 

by the detonation. The spark source for the schlieren photograph is 
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Fig. A-1. Electromagnetic shutter picture. 
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timed so that it is discharged when the shutter is open. It was shown 

by Perroni and Stevens that the delay and the opening times for the 

shutter are repeatable. This was true of the shutter used in this work 

as shown by the oscillograph records in Fig. A-3a. Here the output 

of a photo diode subjected to a CW gas laser beam through the shutter 

is recorded. The half width time of the shutter opening (diameter = 

1/16 in.) is about 250 psec. Figure A-3b shows that the time before 

the shutter opens can be changed by the micrometer adjustment. The 

shutter proved very useful in obtaining schlieren photographs which a re  

relatively free of direct radiation (see Fig. 2. 5-2.6).  

2. HEAT TUNSFER GAUGE AND CALIBRATION CIRCUIT 

The heat transfer gauge that was used before ( 3) was adequate for 

waves travelling at M = 3-4, but could not withstand the pressure of 

higher Mach number waves. A more rugged version was therefore 

designed and built. This design is shown in Fig. A-4. The backing 

material is a 2 in. long quartz rod, 1/4 in. in diameter. The sensi- 

tive element is platinum which is bonded to the face of the rod along its 

diameter. Liquid platinum (Hanovia No. 05-X, Englehard Industries, 

Inc.) was used. On each side of the platinum strip, all along the rod 

length, a heavier coating of platinum alloy was painted on and baked 

(Hanovia No. 130-A). Then fine copper wires were soldered to each 

side strip thus providing the leads to the sensitive element. The rod 

is then covered by an insulating tube and housed in a modified Conax 

fitting and the wires were soldered to a BNC connector. An adaptor 

made of Teflon or  Nylon was screwed to the pipe thread end of the 

Conax fitting and provided a means for flush mounting the gauge to the 

detonation tube. 
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Fig. A-3. Shutter opening time, 200 ysec/div. 
(a) Shows repeatability of opening time. 

(b) Shows delay time can be changed by the 
micrometer ad jus tment . 
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Fig. A-4. Heat transfer gauge. 
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The proper use of the heat transfer gauge entails calibration of 

the specific resistivity, a, of the platinum film and a thermal property 

parameter, (pck), of the backing material. The calibration of a can 

be made by simply noting the resistance change of the film with the 

temperature of water in which the gauge can be immersed. The calibra- 

tion of (pck) can be done as discussed by Skinner 

subjected to a constant step heat flux, once when the gauge is in the 

free atmosphere and another time when the gauge is in water. Skinner 

shows that the (pck) of the material can be inferred from the tempera- 

ture response of the gauge under these two conditions assuming that 

the (pck) of W a t e r  is krmwn. 

those of A. J. Laderman et  a1(24' and Scagnetti and Crab01 '~~) .  This 

circuit is shown in Fig. A-5. The right part of the circuit, indicated 

by the dotted line, is used to balance the gauge in the bridge (this part  

is used also for a! calibration) and the left hand part provides a relatively 

constant voltage input to the gauge as the time constant of the RC circuit 

is much greater than the calibration time. 

(23) when the gauge is 

An electric circuit for providing a constant heat flux was built after 

The temperature response of the gauge to a constant heat flux is 

parabolic and this can be seen in the typical oscillograph record of 

Fig. A-6 which shows a repeatable response. The (pck) calibration 

of quartz was not significantly different from the manufacturer's 

values 
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Fig. A-6. Response of heat transfer gauge to step heat input. 
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